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STATEMENT OF THE PROBLEM STUDIED 

The state of knowledge for slope stability in unconsolidated glacial materials is well 
advanced in the realms of process modeling and limit equilibrium analysis, but lacking in the areas 
of kinematics and strain partitioning during the movement of real slopes. The Lake Michigan 
shoreline bluffs (Figure 1) have been the perfect setting for such an empirical study. The variable 
bluff materials (Monaghan et al., 1986; Chase, 1990), plus the persistence of wave activity, 
precipitation, ground-water infiltration, and periodic freezing of bluff surfaces provides ideal 
dynamic conditions for the study of causes and mechanisms of mass movements in a varied energy 
environment. Continuous monitoring of slope displacements, wave activity, standing ground- 
water levels, wave heights, precipitation, and atmospheric temperatures shows how strain 
magnitudes and rates are affected by these factors. Displacement data provide the basis for 
balanced cross-section constructions that reveal progressively developing folds and shear zones in 
the failing slopes. In this manner, real data can be used to evaluate the correctness of limit 
equilibrium computer models generated for these same slopes. 

Balanced cross-section modeling techniques, frequently used in the structural analysis of 
displaced rock bodies (Dahlstrom, 1969, Erslev, 1991, Allmendinger, 1998), are largely ignored 
by slope engineers in favor of computer reconstructions of shear surfaces. As typically applied in 
limit equilibrium studies, critical shear surfaces are identified by selecting the lowest factor of 
safety conditions using input from slope angles, soil layer thicknesses, and soil strength values 
(such as Bishop, 1955; Morgenstern and Price, 1965; Spencer, 1967; among others)( reviewed 
extensively in Nash, 1987). Balanced cross-sections automatically generate locations of critical 
shear surfaces by selecting those most likely to have produced measured surface displacements 
(Wodward, et al., 1985). Both methods of locating shear surfaces are critical as cross-checks of 
their predictive capacities for real slope movements. This investigation provides the data set to 
perform such cross-checks with rigor. In the process, insight into the causes and mechanisms of 
mass movements in heterogeneous glacial materials has been provided, particularly in slope 
regions subjected yo ground-water loads. 

SUMMARY OF THE RESULTS 

The activities conducted during the three-year grant tenure of this project are listed below. 
The details have been discussed in interim progress reports. 

- Geological and engineering characterization of the study site, consisting of 257 measured 
sections spaced at 60 meter intervals. 

- Completion of three ground-water potentiometric surface maps and a subsurface cross- 
section network for the entire ground-water recharge and discharge area using 
data from over 400 domestic water wells. 



- Detailed geological and engineering descriptions and materials analyses at six monitoring 
sites. 

- Geotechnical characterization of the glacial materials (at the Geotechnical Lab, U.S. 
Army Corps of Engineers - Waterways Experiment Station, Vicksburg, MS). 

- Installation of monitoring systems at six sites (piezometer nests and surface displacement 
monitoring systems). 

- Bi-weekly or tri-weekly (depending on the season) monitoring of ground-water activity 
and slope displacements at the six sites. 

- Daily monitoring of weather and wave activity along the Lake Michigan shoreline. 

- Radiocarbon dating of organic horizons to aid in bluff stratigraphic correlations. 

- Preliminary calculation and display of slope stabilities at 60 meter intervals using a GIS 
format. 

- Continuous correlation of data related to slope displacements, hydraulic gradients, 
atmospheric temperature, precipitation, and wave activity. 

- Periodic inspection and photo mosaic preparation of the total shoreline bluff to locate 
and study mass movements distant from the monitoring sites. 

- Detailed descriptions of 32 massive slumps located near monitoring sites that developed 
since May 1,1996. 

- Hindcasting of bluff erosion conditions back to 1938 (the first complete photographic 
record). 

- Production of predictive digital models of bluff failure and factor of safety calculations 
for a variety of failure models using the UTEXAS3 software. 

- Presentation of seven progress reports and eight seminars at scientific meetings and 
academic functions. 

- Submission of one paper to a refereed publication. Five additional manuscripts are in 
stages of preparation ranging from first draft to near-submission. 

The integration of all data from the above investigative activities has led to many insights 
regarding mechanisms of failure in slopes consisting of heterogeneous glacial materials. Bluff 
stratigraphy is the key to its relative stability. Bluffs consisting of all sand or all clay are more 



stable than bluffs consisting of interlayered sand and clay. This is particularly evident where 
perched ground-water systems exist. Bluffs composed largely of saturated clay fail along shallow, 
planar surfaces (Figure 2). By far, the most unstable bluffs occur where the clay is a lacustrine 
type (varved clay), a fact not surprising in light of the low strength values characteristic of 
glaciolacustrine deposits (Giraud, et al., 1991). Shear surfaces in new slumps where lacustrine 
silt/clay forms a significant part of the bluff stratigraphy develop at the toes, then propagate 
upward through the stratigraphic section as the bluff surfaces collapse downward before they 
rotate back in a typical slump-like manner (Figure 3). The bluff collapse by "fault propagation 
folding" is a failure mechanism described for the first time in this study.  Interlayered sand-clay 
bluffs fail along deep-seated fractures that are generally curved, but not classically arcuate (Figure 
3). Displacements are minimal during the summer and early fall, but accelerate in late fall and 
remain rapid through early spring, a cycle that was repeated each of the three years of the study 
(Figure 4). Wave erosion is greatest in the late fall and spring, and nil during the winter (Figure 
5). Surface freezing during the winter (Figure 6) and a rise of perched water levels in the bluff 
(Figure 7) occur together. 

It is very clear that bluff degradation is caused largely by wave action in the fall, freezing 
of the bluff surface which causes the trapping of ground-water in the soil that is prevented from 
discharging onto the bluff face, thus increasing pore pressures and reducing effective strength of 
the soil during the winter, and ground-water release during the early spring thaw when the high 
pore pressures are maintained by flow. The presence of high ground-water pore pressures are 
known to reduce slope stability in layered systems (Moriwaki, 1993; Haneberg, 1995), especially 
during winter-spring time periods (VanGenuchten and Nieuwenhuis, 1990; Haneberg, 1991). 
Prior to this study, however, only Sterrett and Edil (1982) emphasized the significance of ground- 
water buildup as a destabilizing influence in the Lake Michigan region. Limit equilibrium 
computer models are useful to verify the above conclusions by entering measured shear 
geometries and ground-water conditions into the equations, but such models alone would not 
have predicted the observed failures. The shear geometries are not those commonly modeled in 
limit equilibrium studies by slope engineers, and the slope stability is controlled by pore pressure 
fluctuations to a greater degree than the models would predict. Although computer models assist 
with the understanding of slope stabilities at specific sites in heterogeneous glacial materials, they 
need to be carefully verified by "ground truth" before they are accepted as fact. 
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APPENDIX A 

TECHNOLOGY TRANSFER 

Presentations of Research 

Seminars Presented at the U.S. Armv Corps of Engineers - Waterways Experiment Station 

March 16,1996 -       Ronald B. Chase 
July 29,1997 - William W. Montgomery 
October 18,1999 -     Ronald B. Chase 

U.S. Armv Corps of Engineers - Detroit District 

Academic Consultant for the Lake Michigan Potential Damages Study (Ronald B. Chase 
and William W. Montgomery) - January 22-24,1997, October 14-16,1998, April , 
1999. 

U.S. Armv Research Office Progress Reports (Alan E. Kehew) 

July 19,1996 
July 22,1997 

Presentations at Professional Meetings 

Annual Meetings of the Geological Society of America -1996 (2), 1997 (2), 1998 (2), 
1999 (1). 

Meeting of the International Association of Great Lakes Research -1999. 

University Presentations (Ronald B. Chase) 

Grand Valley State University 
Michigan State University 
Western Michigan University (2) 

Working Relationships 

August 26 - October 12,1996 - Geotechnical testing and soil classification of glacial materials 
susceptible to mass movements. Tests conducted by William W. Montgomery at the U.S. 
Army Corps of Engineers - Waterways Experiment Station. 
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February 3 - 20,1997 - Use of the U.S. Army Corps of Engineers - Detroit District Geographic 
Information system (GIS) for historic slope recession studies by William W. Montgomery. 

May 30-31,1997 - Group discussion of stability relationships associated with variable stratigraphy 
and hydraulic conditions in the study area on the Western Michigan University campus 
arranged by Ronald B. Chase. Participants were from the U.S. Army Corps of Engineers - 
Detroit District and Chicago Regional Offices, the State of Michigan Department of 
Environmental Quality, the U.S. Army Research Office, and private industry. 

June 26,1998 - Field trip leaders for an inspection of the Lake Michigan shoreline bluffs. 
Participants were members of the International Joint Commission for Waterways 
Regulation and members of the U.S. Army Corps of Engineers. (Ronald B. Chase and 
Alan E. Kehew). 
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Figure 1: Location of the study area and the six monitoring sites displaying differing 
hydrostratigraphic conditions. 
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